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http://ehpnetl.nisc.n ihb.hgo v/docs/1999107p285-292pickford/abstract htmI In spite of increasing alarm over global population declines in amphibian species over the last 20 years, little evidence of reproductive toxicity of xenobiotics in amphibians is available. Population declines in a variety of amphibian groups have been documented worldwide, although the etiology of these declines remains undear. Habitat destruction, fragmentation, or disturbance may be sufficient to explain some declines, but not all. Other potential causes indude habitat acidification, predation/competition by introduced species (1), increased ultraviolet (UV) radiation resulting from atmospheric ozone depletion (2) , and exposure to toxic environmental contaminants (3, 4) . Amphibians may be particularly vulnerable to waterborne environmental contaminants due to their largely aquatic life histories and their highly permeable skin (5) .
A number of man-made environmental pollutants have the potential to interfere with endocrine function (6) (7) (8) (9) (10) (11) , and there is evidence of reproductive or endocrine dysfunction in wildlife species that have been exposed environmentally to such endocrine-disrupting contaminants (EDCs) (12) (13) (14) (15) (16) (17) (18) . While there have been recent reports of alterations of the stress hormone axis in amphibia (19, 20) , there is little or no published evidence of reproductive dysfunction in this group as a result of exposure to EDCs. A recent special report on environmental endocrine disruption by the U.S. EPA cited no reports of such effects in amphibians, although it conduded that "...this class of vertebrate might represent a unique sentinel animal model for laboratory and field exposure studies" (21) .
Carey and Bryant (4) noted that environmental toxicants may affect amphibian populations in a number of ways. Contaminants may kill individuals, either directly (e.g., mortality of western spotted frogs after DDT spraying) (22) or indirectly (e.g., through alterations in immune or neurological function) (23) . Contaminants may also affect recruitment in amphibian populations by disrupting normal growth and development of the young or by impairing adult reproduction (4) .
Female reproductive function could be affected by EDCs (12) , suppressed synthesis of 17,-estradiol (E2), and reduced aromatase activity in vitro (14, 24 (20,B-S) (27) .
Oocyte maturation is the final phase of oogenesis, which involves the release of meiotic prophase I arrest, allowing the oocyte to advance to metaphase II. Maturation in amphibia, which results in germinal vesicle breakdown (GVBD), spindle formation, and extrusion of the first polar body (28) , is stimulated by progesterone (29) . Amphibian oocyte maturation may therefore be sensitive to the effects of xenobiotics that have the ability to disrupt sex steroid signaling. Moreover, it has been reported that in vitro progesteroneinduced GVBD can be inhibited in Ranapipiens oocytes by E2 (30) and in Xenopus oocytes by 17a-ethinyl estradiol (28) , suggesting that amphibian oocyte maturation may be sensitive to xenobiotics with estrogenic activity. Oocyte maturation is a prerequisite for subsequent fertilization of the released ova; thus, disruption Articles * Pickford and Morris of this process has considerable potential to impair female amphibian reproduction.
We hypothesized that progesteroneinduced maturation of amphibian oocytes could be disrupted by environmental pollutants with estrogenic activity. We have tested this hypothesis in an in vitro maturation, or GVBD, assay using oocytes from the African clawed frog, Xenopus laevis. Xenopus is a wellestablished amphibian model; these animals are easily maintained in captivity, where follicular development in the ovaries of adult females is asynchronous (31) . Consequently, at any time, the adult Xenopus ovary contains follicles at all stages of development, and large preovulatory (Stage VI) oocytes can be obtained throughout the year. Follicle cell-free (denuded, or "naked") oocytes were used in this GVBD assay to assess the potential for direct effects ofxenoestrogens on progesteroneinduced maturation. This approach excludes the potential for indirect maturational effects of EDCs, for example, through alterations in steroidogenesis, which has been reported for a number of EDCs (14, 18, 32 Volume 107, Number 4, April 1999 * Environmental Health Perspectives GVBD assay. Large, banded, preovulatory stage VI oocytes were selected by hand using a sterile Pasteur pipette under a dissecting microscope, and plated 20/well in sterile 24-well polystyrene culture plates (Costar Corporation) in 2 ml mDNOM. Progesterone and test compounds at various doses were added at the same time (<10 min apart), except in pretreatment or washout experiments, and mixed by gentle pipetting. Plates were incubated in a shaker at room temperature (20-23°C) for 24 hr; the medium was then aspirated and the oocytes were fixed in 5% (w/v) trichloroacetic acid. Maturation was visible externally as a white "Roux" spot ( Fig. 1A ) that indicates where the spindle has anchored to the plasma membrane at the animal pole of the oocyte (35) ; GVBD was verified by cracking open the fixed oocyte (Fig. IB) . The maturational response of 20 oocytes in each well was expressed as the percentage exhibiting GVBD, and the mean maturational response for each treatment combination represents a minimum of three replicate wells.
In pretreatment experiments, oocytes were incubated with a test compound before addition of progesterone, without change of culture media. In the washout experiment, oocytes were incubated for 2 hr with methoxychlor and then washed once with fresh media, which was replaced with a further 2 ml of fresh mDNOM before progesterone was added.
Progesterone receptor binding assay. We used a radioreceptor assay to assess the ability of some compounds to interact with the oocyte membrane progesterone receptor (omPR). This assay is based on one (36) 40 1:1 in RAB, and then incubated for a further 90 min at 4°C. Bound/free separation was achieved by vacuum filtration of 250 dil of the incubate from each tube through a glass fiber filter (GF/B; Whatman International, Maidstone, UK), which had been presoaked in ice-cold RAB for 2 hr. Each filter was washed through with 10 ml of ice-cold RAB, and bound [3H]progesterone was measured on a Hewlett-Packard Tricarb liquid scintillation analyzer. Nonspecific binding was estimated by incubating tracer and competitor vehide with RAB alone; this value was subtracted from all other values.
Statistics. Where indicated, the percentage GVBD for different treatments was analyzed by one-way analysis of variance (ANOVA) using the SPSS statistical software package (SPSS Inc., Chicago IL). Differences between treatments were assessed using Bonferroni's test and were defined as significant when p<0.05.
Results
Dose response ofprogesterone-induced GVBD. Increasing doses of progesterone stimulated an increasing proportion of Xenopus oocytes to undergo maturation, as determined by GVBD. The sensitivity of Xenopus oocytes to GVBD varies considerably between frogs: in our assay the median effective concentration (EC50) for GVBD ranged from 2.5 to 400 nM over 20 experiments, with a mean of 72.6 nM. This variability may result from differences in endogenous gonadotropin levels that sensitize preovulatory oocytes to progesterone induction of GVBD (37) (28, 30) , we performed pretreatment experiments based on these reports. Pretreatment with 2 pM E2 for 8 hr appeared to weakly agonize GVBD ( Fig.  2A) , whereas with 16-hr pretreatment 17ac-ethinyl estradiol exhibited weak agonistic (at 3 pM) and antagonistic (at 33 pM) effects on progesterone-induced GVBD (Fig. 2B) . Fig. 3A) . Increasing concentrations of methoxychlor caused a rightward shift of the GVBD dose response to progesterone (1.95-1,000 nM). The inhibitory effect of methoxychlor was overcome at a high dose of progesterone (1 pM), indicating that methoxychlor was not blocking GVBD through general toxicity to the oocyte (Fig. 3A) . To determine the potency of this inhibition, we estimated the mean methoxychlor concentration required to cause 50% inhibition of progesteroneinduced GVBD (IC50) in five replicate experiments using oocytes from five different frogs. We corrected for the variable sensitivity of oocytes to progesterone among frogs by estimating the percent of inhibition at increasing concentrations of methoxychlor, at the progesterone EC50 for each experiment. This yielded an IC50 value for methoxychlor of 72 nM at an EC50 for progesterone that averaged 7.5 nM in these experiments (Fig. 3B) . Mechanism of methoxychlor inhibition of GVBD. GVBD was also inhibited by highly purified methoxychlor (99.25% pure), to an extent similar to that achieved with the 95% preparation, whereas methoxychlor's metabolite HPTE did not inhibit oocyte maturation (Fig. 4) . These results indicate that the inhibitory activity of methoxychlor is not due to contaminants or conversion by the oocyte to HPTE, to which its estrogenic activity is attributed (39) . These findings, combined with the lack of significant inhibition of GVBD by the potent estrogens E2 and 17a-ethinyl estradiol, suggest that the activity of methoxychlor in this assay is nonestrogenic in nature.
To test this hypothesis, we assessed the ability of methoxychlor (95%) to inhibit GVBD induced by a single nonmaximal dose of progesterone (31.25 nM) in the presence of the potent estrogen receptor antagonist ICI 182,780 (40) . Dose-dependent inhibition of GVBD by methoxychlor was unaffected by ICI 182,780 at concentrations up to 1 pM (Fig. 5) , indicating that methoxychlor inhibition of GVBD is not mediated by the estrogen receptor. The ICI compound exhibited no innate activity in inducing oocyte maturation in the absence of progesterone (data not shown).
Because methoxychlor antagonized the maturation-inducing effect of progesterone in this assay, we compared its activity to that of the synthetic antiprogestins RU 486 and (Fig. 6) . Neither compound was capable of inducing GVBD in the absence of progesterone, although ZK 98.299 appeared to be agonistic in a dose-dependent manner in the presence ofprogesterone (Fig. 6B) .
We also performed experiments to try to determine when methoxychlor exerts its action. GVBD induced by 100 nM progesterone (EC50) is significantly inhibited in oocytes co-exposed to methoxychlor (4 pM). However, this effect becomes nonsignificant when methoxychlor exposure is delayed 2 hr after addition of progesterone (Fig. 7) . For comparison, GVBD was stimulated with a 2-hr exposure to progesterone, followed by washout. The percent of GVBD stimulated by this was not different from that observed in the delayed-methoxychlor treatment group. This suggests that methoxychlor targets events occurring in the first 2 hr after exposure to progesterone: no maturational signaling initiated in the first 2 hr of incubation was blocked by subsequent exposure to methoxychlor. Washout of methoxychlor was ineffective because maturation was inhibited to the same extent in the oocytes exposed to methoxychlor for 2 hr followed by washout as in oocytes pretreated with methoxychlor for 2 hr before progesterone, but with no washout (Fig. 8) .
Radioreceptor assay. We examined the ability of methoxychlor and its estrogenic metabolite HPTE to interact with the omPR through competitive displacement of radiolabeled progesterone (28, 43) . Our findings are consistent with this, as E2 and 17a-ethinyl estradiol exhibited weak agonist activity at low micromolar concentrations, and at higher doses (33 pM), 17a-ethinyl estradiol was slighdy antagonistic. Consequently, antagonism of progesterone-induced GVBD using naked Xenopus oocytes offers little potential as an assay for functional estrogenicity of xenobiotics in amphibia, as has been suggested (44) . However, this does not imply that other types of GVBD assays may not be useful in this respect. For example, gonadotropin-induced GVBD in follide cell-encdosed oocytes from Rana pipiens is strongly antagonized by estrogen without pretreatment (30, 45) . The mechanism of this antagonism appears to be feedback inhibition of follicle cell 33-hydroxysteroid dehydrogenase activity (46) , which is involved in generating the paracrine progesterone signal that stimulates GVBD in response to gonadotropin (47 A variety of EDCs were also tested in this assay to assess their effect on progesteroneinduced oocyte maturation. Octylphenol, o,p'-DDT, di-n-butyl phthalate, and bisphenol A are environmentally persistent chemicals that exhibit innate estrogenic activity (7, (48) (49) (50) . Given the lack of significant effects of natural and synthetic estrogens in this GVBD assay, it is perhaps not surprising that these weakly estrogenic compounds were inactive. It is interesting to note that DDT has previously been reported to antagonize progesterone-induced GVBD in Xenopus oocytes (35) . However, the apparent discrepancy with our results is difficult to interpret because it is not dear which DDT isomer was used or at what concentration.
In contrast, methoxychlor antagonized progesterone quite potently, inhibiting GVBD with an IC50 of approximately 72 nM, at the EC50 dose of progesterone. The organochlorine pesticide methoxychlor is a p,p'-methoxy derivative of DDT, which has low toxicity to mammals and low persistence and bioaccumulation in the environment (51, 52) . Consequently, it has been used extensively in place of banned pesticides such as DDT and chlordecone (kepone) to the present day (21) . In use to control black flies, methoxychlor has been applied to river systems or canals, generally at a concentration of 0.3 mg/l in 7.5-or 15-min pulses (53) . Measurements downstream of such applications (120 km) have detected peak concentrations of 1.4 ppb (54). These environmental levels of methoxychlor equate approximately to concentrations of 870 nM (application) and 4 nM (downstream), putting the IC50 of 75 nM for methoxychlor inhibition of GVBD reported here well within the range ofenvironmental relevance.
Methoxychlor is a proestrogen, requiring hepatic conversion to the hydroxylated metabolite HPTE to exert estrogenic effects in vivo (38) . While it is unlikely that oocytes in meiotic arrest are able to metabolize methoxychlor, we tested HPTE in the GVBD assay and found it to be inactive. Moreover, because some of the estrogenic activity of technical and laboratory grade methoxychlor has been attributed to base-soluble contaminants (39, 55) , we also tested a highly purified sample (56) . Pure methoxychlor also inhibited GVBD, to an extent similar to 95% methoxychlor, indicating that methoxychlor, rather than contaminants or metabolites, is inhibiting GVBD in our assay. These findings are consistent with our contention that methoxychlor activity in this system is not correlated with estrogenicity per se, and this is supported by our finding that methoxychlor inhibition of GVBD is not antagonized by the presence of the estrogen receptor antagonist ICI 182,780.
Estrogenic effects of xenobiotics that are not antagonized by ICI 182,780 have been reported in other systems. For example, the estrogenic activities of a catechol estrogen (4-hydroxyestradiol-17,B; 4-OH-E2) and kepone in the mouse uterus have been shown to be mediated by an alternative pathway, apparently independent of dassical nudear estrogen receptors (ERs) (57~). In the ERa knockout (ERKO) mouse, uterine expression of the estrogen responsive lactoferrin gene is upregulated by 4-OH-E2 and kepone (but not E2). This ERa-independent response to these compounds is not inhibited by ICI 182,780, indicating that these effects are also independent of ER" and may be mediated by a distinct and novel estrogen-signaling pathway (58) . Similar (28) .
The activity of methoxychlor in this assay was not comparable to that of synthetic antiprogestins, as RU 486 and ZK 98.299 did not antagonize progesterone-induced GVBD. This may reflect the fact that these compounds were developed as antagonists of the mammalian nudear progesterone receptor, rather than an amphibian omPR. The functional steroid specificity of oocyte maturation is considerably wider than those of classical nuclear hormone receptors. Moreover, the synthetic progestin analog R5020, which also acts as an agonist in GVBD (28) , has a low affinity for the omPR as determined in a competitive binding assay using oocyte plasma membranes (36) . Using the same competitive binding assay, we found that neither methoxychlor nor its metabolite HPTE were able to displace specific binding of radiolabeled progesterone to its receptor in the plasma membrane. In summary, it seems unlikely that methoxychlor is exerting its inhibitory activity in GVBD through direct competition with progesterone for the omPR Other potential mechanisms for methoxychlor action include noncompetitive binding to the omPR, altering omPR-adenylate cyclase interaction; interference with progesterone-induced suppression of adenylate cyclase activity; changes in cAMP levels through modulation of phosphodiesterase activity; and membrane disruption resulting in altered Ca2+ fluxes.
The action of progesterone in stimulating maturation in amphibian oocytes is one of many examples of nongenomic effects of progesterone and other sex steroids on target cells (65, 66) . Although a number of such effects appear to be mediated through heterologous hormone receptors (67) or novel membrane receptors (68) (69) (70) , little attention has been paid to the potential for endocrinedisrupting effects of xenobiotics through these alternative mechanisms (70) . Specific oocyte membrane receptors for maturationinducing progestins have been identified and characterized in other fish species (71, 72) and may be similar and related to the Xenopus omPR. Xenobiotic inhibition of progestininduced GVBD has already been demonstrated in Adantic croaker oocytes (27) . We have now shown that the proestrogenic pesticide methoxychlor is also capable of potently inhibiting the nongenomic effects of progesterone on Xenopus oocytes at concentrations that are of environmental relevance. These findings add to evidence that any steroid hormone-regulated process, including those operating through nongenomic mechanisms, is a potential target of endocrine-disrupting contaminants. This highlights the need for a broad-based and flexible approach to screening of environmental contaminants for endocrine-disrupting activity.
We are currently investigating in vivo effects of methoxychlor on oogenesis in Xenopus laevis to determine whether the potent in vitro effect on oocyte maturation described here translates to reproductive dysfunction at the level of the whole organism. Such an effect would have profound implications for the impact of methoxychlor, or compounds with similar activity, on amphibian reproductive physiology.
